Abstract Anthropic eutrophication is one of the most widespread problems affecting water quality worldwide. This condition is caused by excessive nutrient inputs to aquatic systems, and one of the main consequences is accelerated phytoplankton growth. Eutrophication can lead to damage to human health, the environment, society, and the economy. One of the most serious consequences of eutrophication is the proliferation of cyanobacteria that can release toxins into the water. The aim of this research was to evaluate the trophic condition of a tropical reservoir over the course of time, using a database extending over 15 years to investigate relationships with environmental conditions, considering spatial heterogeneity and seasonality, as well as inter-relations between trophic state indicators. Data for chlorophyll-a, total phosphorus, and total nitrogen were collected from 2000 to 2014, and cyanobacteria abundance was determined from 2004 to 2014. The trophic state index was also calculated. The results demonstrated the existence of two distinct compartments in the reservoir: one lotic and the other lentic. No relationship was observed between chlorophyll-a and phosphorus. The results suggested that phytoplankton growth was mainly controlled by nitrogen concentrations. These conditions favored cyanobacteria predominance, resulting in increasing abundance of these potentially toxic bacteria over time. The model obtained indicated hypereutrophic conditions, with high phytoplankton biomass and cyanobacteria abundance during the next years likely to affect the uses of the water of the reservoir.
Introduction
Water is an essential resource for humans and other organisms. It is fundamental for ecosystem maintenance and is a determining factor in the development of societies, since it is essential for most economic and social activities (Saurí 2013; UN 2014) . Due to human population growth and associated development, this resource has suffered progressively more intensive pressure, resulting in a situation where demands for water may outstrip supply in the next decades (Saurí 2013) , while water quality becomes increasingly worse (Bogardi et al. 2012) .
Artificial dams are built in order to regulate water flow and store water for purposes such as public water supply and power generation (Tundisi 2008) . Once a dam is built, the conditions of the water body and the surrounding land are modified. The aquatic ecosystem progressively changes from a lotic condition to a lentic state. This change in flow drastically alters the environment by generating conditions with physical, chemical, and biological gradients (Karmakar et al. 2011) . These differ from the preceding conditions and are associated with greater accumulation of nutrients (Smittenberg et al. 2004; Pereira et al. 2013 ), higher sedimentation rates, and lower bottom oxygenation, which favor the eutrophication process (Heath and Plater 2010; Cunha 2013) .
The eutrophication of aquatic environments can be understood as a group of ecosystem responses to increased inputs of nutrients, especially phosphorus and nitrogen. This process can occur naturally in lakes, leading to gradual changes. However, in the presence of anthropic interference, with inputs of nutrients derived from agriculture, cattle, or sewage discharge, artificial eutrophication occurs, causing changes that are much faster, compared to natural eutrophication (Zan et al. 2012) .
The Carlson trophic state index (Carlson 1977) , as well as others based on nutrient and chlorophyll relationships, is based on the limiting factor concept. Generally, the limiting factor will be the one that is least available in the environment, when other factors are not limiting for growth or reproduction. In the case of phytoplankton, which are usually the main agents responsible for primary production in continental aquatic ecosystems, the most common limiting factors are nitrogen or phosphorus. According to this concept, the availability of the limiting factor will modulate the response by the organism. Considering the trophic state of an aquatic system, the phosphorus or nitrogen concentrations will generally determine the chlorophyll concentration. This is the basic hypothesis employed in trophic state indexes (Tundisi and Matsumura Tundisi 2008) .
The undesirable effects of eutrophication include alterations in aquatic communities (Beghelli et al. 2012; Freedman et al. 2012; Soares et al. 2013) , reduced oxygen levels (Valente et al. 1997) , algal blooms (Liu et al. 2011) , unpleasant odors, fish mortality, and proliferation of cyanobacteria, many of which are potential toxin producers (Pretty et al. 2003) .
Economic impacts can also result from eutrophication processes. According to Pretty et al. (2003) , the cost associated with eutrophication in England and Wales is around 121-184 million dollars per year. In Brazil, studies of eutrophication are scarce. Sirigate et al. (2005) reported rising costs of water treatment due to increased microalgae densities caused by eutrophication. The costs of water treatment increased up to twofold, although actual values were not presented.
According to the financial accounts published in the Official Gazette of the State of São Paulo, Brazil (São Paulo 2015) , the company responsible for water treatment spent R$ 4.08 million (about US$ 1.30 million, considering the currency exchange rate in the month when the purchase was made) in the acquisition and transport of 400 tons of copper sulfate, an algicide.
Considering the significance of eutrophication, there is a need for simple indexes that are based on a few variables that can be easily understood by non-specialists. The Carlson trophic state index (Carlson 1977) satisfies this criterion. However, despite the widespread use of this index, it is not suitable for tropical or subtropical ecosystems (Petrucio et al. 2006; Silvino and Barbosa 2015) where phytoplankton communities and climate dynamics are distinct from those in the temperate regions on which Carlson's work was based .
Considering this, the index was later adapted for tropical and subtropical environments by Salas and Martino (1991) , following evaluation of total phosphorus concentrations in 27 tropical and subtropical lakes and reservoirs. Lamparelli (2004) proposed an adaptation of the Carlson index for the State of São Paulo, which has been extensively used by the State's Environmental Protection Agency (CETESB), as well as other Brazilian environmental agencies, as an official Brazilian eutrophication index. Recently, Cunha et al. (2013) published an update of the Lamparelli index for reservoirs. The main differences between the Cunha index and the Lamparelli index are the adjusted ranges considered for each trophic status, with more restrictive categories and a distinct database that considers 18 reservoirs and data from 1996 to 2000, with greater data availability, including Secchi disk measurements.
The present work concerns the Itupararanga reservoir, which is located in an urbanized region of São Paulo State (Fig. 1) . Here, the original vegetation is predominantly semi-deciduous forest and the climate is type Cwa, according to the Köppen classification, with distinct wet and dry seasons. The wet season is between October and March, when more than 80 % of the total rainfall occurs, and the dry season is between April and September. Annual average rainfall at the reservoir is around 1493 mm. About 68 % of the original vegetation of the watershed has been removed or replaced (Beu et al. 2011) , and the main land use is now agricultural (Pedrazzi et al. 2013) .
The population of the cities around the Itupararanga drainage basin grew from 442 to 615 thousand people between 1996 and 2010, which has led to increased pressure on water resources. The water from the Itupararanga reservoir is used for many purposes, including power generation by the CBA company, public water supply (2.2 m 3 /s to 850,000 people) in the Sorocaba region (Sorocaba is the main city in the region and its population of about 586,625 people consumes 1.93 m 3 /s), intensive irrigation (1.5 m 3 /s), fisheries, and the regulation of water flow.
The main sources of pollution in the Itupararanga reservoir are sewage discharges and inputs of agrochemicals in runoff due to inappropriate land management along the margins of the reservoir (Taniwaki et al. 2013) and along tributary rivers. Poor sewage treatment is an aggravating factor. Conditions are especially poor in the municipalities of Ibiúna and Vargem Grande Paulista, through which tributary rivers pass (Salles et al. 2008) and where there are low levels of sewage treatment. Residual domestic sewage loads calculated by CETESB for 2014 were 724 and 2585 kg BOD/ day in Ibiúna and Vargem Grande Paulista, respectively, discharged into the Vargem Grande stream, the main affluent of the Sorocaba Mirim and Una rivers (CETESB 2015).
Hypothesis and Objectives
This work is based on the hypothesis that the Itupararanga reservoir has followed an increasing trend of eutrophication because of population growth without adequate environmental policies to avoid deterioration of water quality. In this scenario, the phytoplankton response is growth over time accompanied by a shift from a community dominated by Chlorophyceae to a community where cyanobacteria prevail. In such a situation, where phosphorus is abundant but nitrogen is not, the use of trophic state indexes based on a direct relationship between phytoplankton growth and total phosphorus may be unable to describe the trophic status of the environment.
Considering the importance of understanding the eutrophication process and monitoring the changes over time, as an essential part of water quality management, the purpose of this work is to evaluate the evolution of the trophic state in a tropical reservoir over a period of 15 years. The results should contribute to understanding the eutrophication process and its consequences in tropical environments.
Materials and Methods
A database of cyanobacteria numbers and the concentrations of chlorophyll-a (Chl), total phosphorus (TP), ammonia, nitrite, nitrate, and total Kjeldahl nitrogen was compiled from the CETESB annual reports for the period 2000 -2014 (CETESB 2001 2003; 2004; 2007; 2008; 2010; 2014; . Information concerning the numbers of cyanobacteria was available after 2004.
For each year, the CETESB data were obtained for 3 months during the dry season (May, July, and September) and 3 months during the wet season (November, January, and March). The annual reports provided data for the dam and riverine zones previously described by Cunha and Calijuri (2011a) . Transitional and lacustrine zones were not considered, in order to maintain comparable data suitable for statistical analyses. CETESB did not provide data for the central body of the reservoir.
Total nitrogen was calculated by summing the concentrations of TKN, NO 3 − , and NO 2 − . TN:TP ratios were calculated by two methods: one considering concentrations (Kolzau et al. 2014 ) and the other considering molar ratios (Tundisi and Matsumura-Tundisi 2008) . The molar ratio was obtained by multiplying the TP values by 0.452233, considering the atomic masses.
Trophic state indexes were calculated according to the method proposed by Cunha et al. (2013) . The Cunha index was preferred to the Lamparelli (2004) index, for two reasons: the use of data that were more recent and the fact that the later index has been published in a scientific journal with an international audience, while the earlier index was published as a thesis. We believe that use of an index published in a scientific journal should facilitate understanding and comparison of the data by a wider audience.
The index values were calculated from the TP and Chl concentrations, as shown in Eqs. 1 and 2, and the final index, TSI tsr , was calculated as the arithmetic mean of the two individual indexes.
A final matrix was compiled with all the data, including year, region of the reservoir, and season as criteria for statistical analysis of variance (ANOVA), using a block design to test hypotheses about spatial heterogeneity and seasonality (using 95 % confidence intervals).
In the first ANOVA (p < 0.05), the relationships between chlorophyll-a or cyanobacteria and total nitrogen or total phosphorus concentrations were tested, considering spatial or seasonal variability as required.
The classical linear models (simple linear regressions and correlations) are based on ordinary least squares (OLS) regression and assume normal distributions of the variables and the residuals, while generalized linear models (GLM) can handle a wider range of situations because they can accommodate non-stable variance and alternative exponential residual distributions. In GLMs, parameter estimation and model fitting are achieved by maximum likelihood procedures, instead of OLS fitting (Logan 2010) .
Model selection was based on Akaike information criteria (AIC), employing the maximum likelihood approach. AIC values represent the information lost when a given model is used to describe the full reality. Consequently, a general conclusion is that when two or more models are compared, the one with the lowest AIC value will be considered as the best. Calculations of evidence ratios are based on ΔAIC values (the difference between any model and the model with the lowest AIC) and provide useful information for model evaluation. The evidence ratio provides an indication of the number of times a given model is better than another (Burnham et al. 2011) .
Generalized linear models were used to generate predictive models of the geometric means of chlorophyll-a in response to total phosphorus and total nitrogen, considering the influence of seasonality or spatial heterogeneity, in accordance with the ANOVA results. A gamma distribution was preferred to Gaussian, because negative values were not appropriate for the data considered in this study (Zurr et al. 2009 ).
The GLM approach was also used to describe the temporal trends of the geometric means for chlorophyll-a and cyanobacteria. Models were tested considering the link functions: identity, reciprocal (inverse), and log. Only models that conformed to the premise of non-zero slope were considered. The slope p values were used to test for the presence (p < 0.05) or absence (p > 0.05) of a relation between the predictor and response variables, considering a confidence interval of 95 %.
A reduced model, considering only the intercept, was generated for comparison with the predictor-response variable models. Evidence ratios were calculated, comparing each model with the reduced model (w j /w 0 ) in order to obtain information about how many times each full model was stronger than the reduced model. Additional evidence ratios were calculated between the models with the lowest AIC and the other models (w l / w j ). The information obtained enabled evaluation of the ability of the models to explain the observed variability, and whether the difference between the model with the lowest AIC and any other model was substantial, or if it would be plausible to select a simpler model. Evidence ratios higher than two were considered significant.
In situations where w l /w j < 2, the model selection preference was the simplest regression, following the sequence: identity-log-reciprocal. Finally, the models for temporal trends were extrapolated to 2015, 2020, and 2025 in order to predict average values in future years and to test predictability. Similarly, the models that simulated relationships between nutrients and chlorophyll-a were tested by simulating conditions in which nutrient concentrations were the minima and the maxima recorded, as well as two and three times the maxima. The models were only considered satisfactory if they could predict trends up to at least 2020, or concentrations that were twice the highest values recorded. Models that predicted negative values were not considered. Statistical comparisons employed the Spearman correlations and t test p values. Statistical analyses and modeling were performed using RStudio 0.99.489 software (R Core Team 2015).
Results

Spatial and Temporal Heterogeneity
Higher means for chlorophyll-a concentrations were recorded in the riverine zone (mean = 11.09 μg/L, SD = 7.60, p = 0.0009), compared to the dam zone (mean = 7.14 μg/L, SD = 6.64). No spatial heterogeneity was observed for the other variables. Seasonality was only observed for total phosphorus concentrations (p = 0.0004). Table 1 presents the mean values and standard deviations, considering spatial heterogeneity and seasonality, together with the ANOVA results.
Trophic State Index, Nutrient, and Chlorophyll-a Relationships
Using the trophic state classification described by Cunha et al. (2013) , the values for the dam and riverine zones revealed the occurrence of an eutrophication process over the course of the years. There was a high frequency of disagreement (60-93 %) between the indexes based on chlorophyll-a and phosphorus. Higher phosphorus index values were observed between 2001 and 2006, especially for the dam zone and during the dry season. Chlorophyll index values were higher after 2008 (Fig. 2) .
No significant correlation was observed between the concentrations of total phosphorus and chlorophyll-a (p slope > 0.05). However, chlorophyll-a clearly varied as a function of the total nitrogen concentration (p slope < 0.05). The relationships between chlorophyll-a and the nutrients are shown in Fig. 3 .
The relationships between chlorophyll and total nitrogen could be described by Eqs. 3 (riverine zone) and 4 (dam zone), considering chlorophyll and total nitrogen concentrations in units of microgram per liter and milligram per liter, respectively. Log link was selected for both the riverine and dam zones, as it resulted in lower AIC values and evidence ratios that indicated that log functions were more suitable than other links (w l /w j > 2). The gamma log-linear model was 219 and 2301 times stronger than the reduced model, considering data for the riverine and dam zones, respectively. Data for the dam zone could not be fitted by a regression with identity link, considering a gamma distribution (Table 2) . (Fig. 4) .
Annual Trends
Although the TP and TN concentrations showed no obvious temporal trends (p slope > 0.05; data not shown), the chlorophyll-a concentrations increased over time (p slope < 0.05). This relationship could be described by gamma log-linear functions for the riverine and dam regions. For the riverine zone data, the model with log link was 2893 times stronger than the reduced model. Considering data for the dam region, log link resulted in the model with the lowest AIC, which was 2697 times stronger than the reduced model. These relationships are described in Eqs. 5 and 6 for the riverine and dam zones, respectively, where y is the year.
The cyanobacteria densities also showed increasing trends that could be described by log-linear functions. The model selected was 51 times stronger than the 
Discussion
Spatial and Temporal Heterogeneity
In a previous study, Cunha and Calijuri (2011a) proposed the division of the Itupararanga reservoir into four compartments, based on multivariable analysis. Although only the riverine and dam regions could be analyzed in the present work, the results corroborated the distinction between them. It is important to note that in the present work, only chlorophyll-a showed distinct differences, with higher values for the riverine zone, while the nutrients concentrations showed no clear differences between the zones. Cunha and Calijuri (2011a) attributed higher chlorophyll-a concentrations observed in the riverine zone to inputs of nutrients and transport of phytoplankton from tributary rivers. Similarly, in recent work that considered land use around the reservoir, Frascareli et al. (2015) concluded that the main source of phosphorus to the reservoir was its tributaries, while nitrogen inputs were related to agricultural activities.
Considering the absence of spatial heterogeneity for nutrients observed in our data, we believe that the entry of chlorophyll from the rivers is the best explanation for the high values in the riverine zone. Considering that chlorophyll is the response variable in the Carlson type trophic state indexes, we recommend that spatial heterogeneity should be considered when analyzing the trophic conditions of the Itupararanga reservoir, instead of using mean values.
As a rule, tropical reservoirs are characterized by seasonality in nutrient loadings, due to processes such as leaching, transport, and dilution rates. Seasonality has been also reported in relation to chlorophyll concentrations, which respond to nutrient levels and insolation (Malheiros et al. 2012; Buzelli and Cunha-Santino 2013; Chaves et al. 2013) . Beghelli et al. (2014) previously documented the seasonality of other variables related to the trophic state of the Itupararanga reservoir in a 1-year study. Seasonal trends of chlorophyll, phosphorus, and nitrogen were recently reported by Frascareli et al. (2015) .
Despite these results, in the present study with a longer data record, only phosphorus exhibited seasonality. This indicates that although the reservoir can present seasonality for chlorophyll and nitrogen in specific years, over longer periods, there was no significant seasonality of these variables. The pattern observed for TP concentrations evidenced an influence of allochthonous sources (Jordan et al. 2012) .
The trophic state index values showed that there was a progressive degradation of water quality over time, especially when the index for chlorophyll is considered separately. In contrast, the index for phosphorus pre- Considering the evolution of the trophic state index for the Itupararanga reservoir and the high frequency of disagreement between the indexes for chlorophyll-a and total phosphorus, it is clear that any index that considers a direct relationship between these variables would have difficulty in describing environments similar to the Itupararanga reservoir, which could lead to misinterpretations. Figure 2 clearly shows that the mean trophic state indexes are unable to satisfactorily represent the actual conditions in the reservoir. The mean indexes revealed only small changes in status and masked the eutrophication trend evidenced by the index based on chlorophyll. Carlson (1977) highlighted that in some cases, when the indexes for TP and Chl disagree, the results should be interpreted with considerable caution. When this type of index is employed, it is strongly recommended that the relationship between Chl and TP should be confirmed in order to ensure a realistic interpretation.
The disagreement between the trophic state indexes indicated that phytoplankton proliferation must have been limited by other environmental factors, such as nitrogen, illumination, or biological interactions . Similar results were reported by Rangel et al. (2012) , who detected a weak relationship between phosphorus concentrations and chlorophyll-a, especially in a eutrophic reservoir dominated by cyanobacteria, as well as by Huszar et al. (2006) in a comprehensive study using data for 192 lakes in tropical and subtropical regions. Neither of these studies offered a conclusive explanation of the findings, although possible explanatory factors included zooplankton predation, other nutrients, light limitation, and nitrogen limitation or co-limitation.
In an analysis of 21 reservoirs in the central region of Brazil, Carneiro et al. (2014) considered local (nutrients), morphological, and landscape factors, concluding that the best predictors of phytoplankton biomass were total phosphorus and depth. Despite methodological divergences among studies, it is clear that there is still no general consensus in explaining phytoplankton limitation, especially in tropical ecosystems, and that trophic state indexes must be adapted for application in unusual or unpredicted situations (such as the absence of correlation between TP and Chl). These findings are in accordance with the relationships among Chl, Cya, and TN revealed in this study. Nitrogen limitation of the phytoplankton in the Itupararanga reservoir points to the need to use nitrogen concentrations for monitoring the trophic state of this and other similar reservoirs. Equations 3 and 4 could be used for this purpose for riverine and dam zones.
Several important changes can be seen from the data shown in Figs. 2 and 3 . In the dam region, the trophic state determined using chlorophyll increased from 2008, reaching a peak in 2012, with a subsequent decrease (Fig. 2) . Rosa et al. (2015) also reported a substantial change in the trophic state of the Itupararanga reservoir between 2007 and 2008, supporting the present findings and indicative of changes in terms of the limiting nutrient.
Greater disparity between the two indexes was observed after 2010, associated with a change in the state of the system and chlorophyll-a concentrations of the new community that exceeded the eutrophic limit (Carpenter 2003) .
Annual Trends
The chlorophyll-a concentrations showed an increasing trend over time, and extrapolation of the data suggested that in 2025, concentrations of around 87.68 and 61.25 μg/L could be reached in the riverine and dam zones of the Itupararanga reservoir, respectively. This, together with alterations in nitrogen concentrations, would have a significant impact on the Chl-TN relationship. Other influencing factors that were not directly considered here include land uses (Katsiapi et al. 2012) , trophic interactions (Torres et al. 2016) , light limitation (Loiselle et al. 2007) , and global warming (Ye et al. 2011) .
According to Brazilian legislation (CONAMA 2012), the Chl limit for continental class II water bodies is 30 μg/L. Waters from sources within this class can be used for human ingestion (after conventional treatment), protection of aquatic life, swimming, irrigation of greenery, aquaculture, and fishing. Since the limit of 30 μg/L was exceeded, Itupararanga water should not be used for swimming or irrigation of greenery, which are common activities at the reservoir. Furthermore, advanced water treatment may be necessary in the next years.
Alteration of the composition of the phytoplankton community could be a key factor for understanding the eutrophication process. Increases in the proportion of cyanobacteria in the phytoplankton community were observed in 2011 (Casali 2014 ) and 2013 (Lira et al. 2013) , in an environment previously dominated by chlorophyceae (Cunha and Calijuri 2011b) . This seems to be supported by the present data, with rapid increases in the concentrations of both cyanobacteria (Fig. 6) and Chl (Fig. 5) . If the present trends are maintained, worrying densities of cyanobacteria could be reached in the next years. Considering an exponential trend, concentrations above 395 cells/μL would be expected in 2015, reaching about 2164 cells/μL in 2020.
For comparison, Bouvy et al. (1999) recorded a maximum of 374.5 cells/μL during a cyanobacteria bloom at the Ingazeira reservoir in 1998. The temporal trend in cyanobacteria population growth observed at the Itupararanga reservoir therefore suggests the possibility of algal blooms in the near future. In São Paulo State, the reservoir with the highest recorded cyanobacteria population is the Billings reservoir, where the maximum abundance has varied between 151.92 and 2067.30 cells/μL (CETESB 2005; 2007;  2008; 2009; 2010; 2011; 2012; 2013; 2014; 2015) . Large increases occurred during the course of only 3 years, despite the use of algicide in an attempt to control algal densities (CETESB 2012) . In light of the situation at the Billings reservoir, the trends predicted here up to the year 2020 are plausible, considering the abundance of cyanobacteria predicted for 2015 and the value of 2164 cells/μL predicted in 2020. However, the values predicted for 2025 may be not realistic, when compared with data for other reservoirs in São Paulo State, because density-dependent factors are likely to have an interfering effect. At some point, densitydependent factors such as the availability and consumption of energy, as well as physical space, must act to restrict the exponential population growth of cyanobacteria, until a dynamic equilibrium is reached (Sakanoue 2007; Solbu et al. 2015) . This is likely to occur before 2025, so abundances in the region of 11,849 cells/μL may consequently not occur.
The evidence obtained here suggests that eutrophication and community adaptation are causing increases in Chl, associated with cyanobacteria growth. The tendency is for this process to continue, controlled primarily by nitrogen availability. However, the pattern of Chl and cyanobacteria growth could change following alterations in nitrogen inputs, as well as due to other factors that could limit phytoplankton and cyanobacteria growth in the future (Rangel et al. 2012) .
The conditions observed in the Itupararanga reservoir suggest that the possibility of contamination of the water by toxins is likely to increase over time, given that the predominant organisms are recognized as potential toxin producers (Wood et al. 2014) . The presence of saxitoxin (albeit still at safe levels) has already been detected in the Itupararanga reservoir, attributed to high levels of Cylindrospermopsis raciborskii (Woloszynska) Seenayya and Subba (Casali 2014) .
Conclusions
Significantly different chlorophyll-a levels were found in the riverine and dam regions of the Itupararanga reservoir, as evidenced by ANOVA tests. The trophic state indexes showed frequent divergences due to the lack of a relationship between Chl and TP. This disagreement could be explained in terms of nitrogen limitation, based on the low levels of the nutrient (compared to levels reported elsewhere) and the relationship between Chl and TN evidenced in the models (Fig. 3, Table 2 ).
The adaptation of the phytoplankton community to a high trophic state has resulted in a community dominated by cyanobacteria, increasing the risk of water contamination by cyanotoxins. The use of the index for chlorophyll-a, weighted according to the nitrogen concentration, is strongly recommended for monitoring conditions in the Itupararanga reservoir and other similar tropical reservoirs. Indexes based on mean ratios of chlorophyll and phosphorus should be avoided in such cases.
